I. Introduction
Protein folding is a fundamental problem in molecular biology because it is one of the key processes in genetic central dogma, and also because some diseases are directly related to misfolding. [1] [2] [3] [4] Extensive theoretical and experimental studies have provided considerable insight into the folding process. According to the current view, protein folding proceeds on a moderately rough energy surface, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] whose major features are the local minima and the overall downhill slope toward the native state, forming a rough landscape with funnel-like shape on which the protein folds. Uncovering the folding mechanism in detail requires experimental methods with high temporal and structural resolution. Conventional kinetics and thermodynamics experiments of folding do not usually reveal conventional microscopic structural changes in detail and with sufficient high temporal resolution. Optical spectroscopy techniques can probe such details and transformations of biological molecules on the pico to nanosecond time scale. Ultrafast broadband pulses in the infrared (IR) or ultraviolet (UV) regimes have been used recently to probe the structure of proteins. 15, 16 Two-dimensional IR [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] or UV 4,28-31 spectra are able to provide detailed information with high temporal and spatial resolution by monitoring the correlations between vibrational or electronic excitations. Raman spectroscopy is a useful probe, thanks to the sensitivity of vibrations to the local chemical environment. Ultraviolet resonance Raman (UVRR) spectroscopy selectively enhances vibrational modes strongly coupled to the selected electronic chromophore. Water vibrational modes can then be easily filtered out, making UVRR suitable for biological systems in vivo or in aqueous environments. Peptides or side-chain vibrational modes can be selectively enhanced by tuning the excitation frequency in resonance with selected electronic transitions, making the technique a useful tool for characterizing protein secondary structure. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] Ultrafast broad-band coherent Raman spectroscopy is widely used to investigate the dynamics of intraand inter-molecular vibrational modes. [43] [44] [45] [46] [47] [48] [49] Tanimura and Mukamel have proposed an off-resonance 2D stimulated fifthorder Raman scattering experiment with two pump pulses followed by a probe. 50 The two-dimensional (2D) stimulated
Raman signal is displayed after performing a double Fourier transform with respect to the two time delays. Extending this technique to the resonance regime is not straightforward. In a multi-pulse experiment, resonant pulses can induce considerable excited state populations, especially for species with long excited state lifetimes compared with the pulse duration (B100 fs), which complicate the analysis of the Raman signals. Recently, we showed that pre-resonance pumps followed by a resonance probe can eliminate the excited state contribution while preserving the resonant selectivity of vibrational modes. 42 This technique provides detailed information about the correlations of different vibrational modes. Pulse polarizations offer additional control parameters for these signals. 51 Previously it has been shown that when the two-dimensional Raman signal is collected using non-resonant pulses, the soughtafter w (5) signal is overwhelmed by third-order cascades, 52-57 both of which have the same power dependence. The cascading signal is the result of two w (3) processes taking place on different molecules in the illuminated volume, and carries the same information as one-dimensional Raman. In the present work we use pump and probe pulses which are pre-resonant and in resonance with a given electronic transition, respectively. Due to the enhancement of the polarizability on resonance, the signal can be collected using a smaller sample concentration.
The probability that the third order signal induced by the first two pulses and emitted from one molecule will combine with the third pulse to generate another third-order signal in a second molecule will decrease sharply when the concentration decreases.
In this simulation study, we report the two dimensional stimulated resonance Raman (2DSRR) signals from five states along the nanosecond folding process of the Trp-cage protein, and show that they contain distinct characteristic features of different folding states, and can be used to monitor the folding pathway. Trp-cage is a mini-protein, which contains 20 residues with the sequence ''NLYIQWLKDGGPSSGRPPPS''. Its fast nanosecond folding makes it a convenient model system for experimental and computational investigations. 21 
II. Theory
2DSRR is a three-pulse pump-pump-probe experiment. The signal is defined as the change in the integrated intensity of the probe pulse due to the presence of both pumps, and is recorded versus the two inter-pulse delays t 1 and t 2 (ref. 42 ) (see Fig. 1 ). To minimize the excited-state non-Raman contribution, the two pump pulses were tuned to be preresonant with the electronic excitations. The signal is represented by the four loop diagrams shown in Fig. 1 . 42, 61 In these diagrams, photon absorption and emission are represented by arrows going into and out of the loop, respectively. Moving along the loop clockwise, the left branch shows forward (ket) time evolution, while the right branch shows backward (bra) time evolution. Detailed diagram rules can be found in ref. 42 and 61. The first pulse creates a vibrational excitation in either the ket (S i and S iv ) or the bra (S ii and S iii ). The second pulse can either create another pure vibrational excitation on the opposite side of the density matrix (S i and S iii ) or change the excitation created by the first (S ii and S iv ). The probe pulse was tuned to be resonant with the electronic transition of interest. The 2D signal is recorded by varying the two time delays t 1 and t 2 between the three pulses and taking a 2D Fourier transform, t 1 -O 1 , and t 2 -O 2 ,
where P(a) is the occupation probability of state |ai, and G = 10 cm À1 is the vibrational lifetime. The effective transition polarizability from state |ci to |c 0 i due to the mth pulse with polarization e m is given by,
hereâ (m) is the transition polarizability operator that corresponds to the mth pulse, |ci and |c 0 i are vibrational states in the ground electronic state, and |bi is a vibrational state in the excited electronic state. l eg is the transition dipole moment between electronic states |ei and |gi and EðoÞ is the pulse envelop. The Franck-Condon factors hm|ni are evaluated using the linearly displaced harmonic oscillator model of molecular vibronic excitations. 41, 42 Detailed deviation of eqn (1) and (2) 62 we can focus on the region O 1 Z 0 without lose of information. The signal is averaged over an isotropic distribution of molecules. 51â(n) is a nonHermitian operator in the vibrational subspace, and becomes real Hermitian far off-resonance. The diagonal elements of the effective polarizability (a n jj ) correspond to an elastic (i.e. Rayleigh) scattering of the nth pulse; the top row elements (a (n) 0,j , j a 0) correspond to a Raman process from the ground vibrational states to a excited state with one vibrational quanta in the jth mode; the off 
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jk , j a k) represent vibrational quanta transfers from the kth mode to the jth mode via a common electronic excitation, which reveals the correlation between these two modes. Typically the off-diagonal elements are one to two orders of magnitude weaker than the diagonal ones. 42 2DSRR spectra reveal correlations between different vibrational modes. 42 The diagonal peaks come from pathways S i and S iv and are proportional to (a (2) 00 )*(a
0,j )(a (1) j,0 ) and (a (3) 0,j )(a (2) j,j )(a (1) j,0 ), respectively. Both components consist of one elastic and two inelastic Raman contributions corresponding to the jth mode. Diagonal peaks are the strongest features. The off-diagonal peaks contain an off-diagonal element of transition polarizability a (n) j,k and two top row elements a (n) k0 and a (n) 0j , they reflect the correlation between two Raman active vibrational modes when the system interacts with the nth pulse. By focusing on the electronic transitions localized on the tryptophan or tyrosine aromatic groups, we selectively observe cross peaks corresponding to vibrational modes localized on these residues.
III. Computational protocol

A. Molecular dynamics simulations
We carried out all the MD simulations and part of the analysis using AMBER 10 software package 63 with the AMBER ff99SB protein force field. 64 A constant temperature of 315 K was maintained in the MD simulations. An implicit solvation model 65 with a collision frequency of 1 ps À1 was used to simulate the solvent environment. The SHAKE algorithm 66 was used to constrain covalent bonds involving hydrogen atoms. The time step was set to 2 fs. 50 trajectories were simulated for 200 ns each. The initial structure of each trajectory was given by a completely extended conformation and the different atom velocities from a Gaussian distribution 67 were assigned to the different trajectories to start the simulations. The total 10 ms simulations provided enough data to construct the free energy landscape (FEL). Five folding states were chosen along the dominant folding pathway from the unfolded state to the folded state on the FEL. For each folding state, 200 snapshots around that location were harvested to calculate the Raman signals.
B. Ab initio calculation of electronic transitions and vibronic coupling
Trp-cage has two aromatic residues Tyr3 and Trp6. The electronic transitions in the near UV (Z210 nm, r47 620 cm
À1
) region arise from these residues. The geometry and relative positions of Tyr3 and Trp6 residues were extracted from the MD trajectories, all other atoms are treated as electrostatic background with charges taken from the force field parameters. 64 Electronic excitations were calculated by using time-dependent functional theory (TDDFT) with the B3LYP hybrid functional 68,69 and the 6-311++G(d,p) basis set implemented in the Gaussian 09 package. 70 The conductor-like polarizable continuum model (CPCM) 71, 72 was used in the self consistent reaction field calculations in the aqueous environment. All the vibrational frequencies were scaled by a factor of 0.97 73, 74 to correct for the systematic error in the density functional frequency calculations.
C. Simulations of spectra
The UV absorption spectrum of each folding state was obtained by using the cumulant expression, 42 
IV. Results and discussion
A. The free energy profile Fig. 2 shows the free energy profile of Trp-cage folding plotted as a function of the root mean square deviation (RMSD) and the radius of gyration (R g ). It was obtained using F = Àlog(P), where P is the population obtained from the 10 ms MD simulated data. The C a -RMSD of the lowest energy structure is less than 2 Å, implying the peptide reaches its folded state. 14,76 Raman spectra were calculated for the five states S1, S25, S50, S75, and S100, along the folding pathway. S1 and S25 are largely linear and random coil structures. After S50 the peptide collapses into a relatively compact conformation with formed orientations of the two strands (N-terminal a-helix and C-terminal coil), dramatically reducing the conformational configuration space, which accelerates the peptide evolution towards the folded state.
B. UV absorption and UVRR
Isolated tyrosine and tryptophan amino acids have six aromatic electronic transitions below 47 620 cm À1 (Z210 nm) as listed in Table 1 . These TDDFT results have been compared extensively with UV absorption experiments and reasonably good agreement has been achieved. 42 The excitation energies fluctuate in different chemical environments as the protein folds. 31 To avoid overlap with the peptide n-p* transitions around 45 000 cm
À1
, we focus on the aromatic excitations below 42 000 cm The 230 nm UV resonance Raman spectra of the five folding states are depicted in Fig. 4 and compared with the previous experiment. 60 There are five strong peaks in all the calculated spectra, according to Harada and Takeuchi's assignment 77 . In S100, the 1610 cm À1 Fig. 2 Free energy profile of Trp-cage folding (top). Five states labeled S1, S25, S50, S75, and S100 were chosen along the folding pathway. These structures are shown in the bottom panel. 
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peaks are much stronger than the 1570 cm À1 peaks, since the Trp residue resides in a rigid environment composed of the a-helix and two strand structure, the stronger interaction with other residues blueshifted the W3 mode. Although there are evident differences in the spontaneous resonance Raman spectra of the five folding states, it is hard to characterize these states only using UVRR spectra. We turn to the 2DSRR technique for a much clearer and unambiguous characterization.
C. 2DSRR spectra
The first two pre-resonant pulses (see Fig. 5 ) pump the system to vibrational excited states coupled to the Trp-L b excitation, they dominate the 2DSRR spectra even when the probe pulse is resonant with the Tyr-L b excitation. Since the Trp-L a and Trp-L b transitions are perpendicular, the XXY pulse polarization is expected to selectively enhance vibrational modes strongly coupled to both Trp-L b and Trp-L a . This can be seen by comparing the 2DSRR spectra with XXY polarization (Fig. 5) and XXX/SMA polarizations [ Fig. S1 and S2, ESI †]. The 2DSRR spectra were scaled by the inverse hyperbolic sine function to enhance the visibility of weak peaks,
where C = 200 Â S/max(|S|) is a constant chosen to make CS in the range À200 to 200. For CS o 1, the scale is linear, arcsinh(CS) E CS; for larger CS the scaling becomes logarithmic, where arcsinh(CS) E (S|S|
À1
)ln(2|CS|), so this scaling is useful for enhancing weak features in the signal. 79 In Fig. 5 we present the 2DSRR XXY spectra with probe pulse o 3 = e 1 = 39 000 cm À1 (second column) and o 3 = e 2 = 40 000 cm
(third column). Characteristic features of the five folding states are given in Table 2 . In S1, the spectra have strong diagonal peaks at 1260, 1480 and 1605 cm
, corresponding to the tryptophan ring C-H/N-H in plane bending (WHB), the W8a, 77 , arising from WPS modes from different snapshots. In folding state S75, the indole N-H atom is hydrogen bonded to the Pro17 peptide oxygen atom, which induces blueshift of the WPS mode compared to 1562 cm À1 in free tryptophan.
However, the local structure around the Trp6 and Pro17 residues does fluctuate. For some of the snapshots, the hydrogen bond lies in the indole plane results in a blueshift of 60 cm À1 displayed as the 1620 cm À1 diagonal peak; for the majority of the snapshots, the hydrogen bond tilts out of the indole plane, which implies a weaker interaction that corresponds to a smaller (20 cm
) blueshift displayed as the 1580 cm À1 diagonal peak. S100 has a strong diagonal peak at 1380 cm
, corresponding to the W7 mode. 77, 78 It correlates with the W3 mode at 1545 cm
. The cross peaks at (1545, 1380), (1270, 1545) and (1545, 1616) indicate the correlation between these modes. These characteristics are easily distinguishable and are shared by different pulse configurations.
Cross peaks in the 2DSRR spectra can help determine whether the frequency splitting comes from structural fluctuation. For instance, in the 2DSRR spectra of S1 state at o 3 = 39 000 cm À1 (see Fig. 5, 2nd column) , there are two strong diagonal peaks at 1605 and 1570 cm À1 assigned to the W3 and WPS modes. Phys. Chem. Chem. Phys.
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It has been proven that the W3 and WPS modes are strongly correlated in both tryptophan monomer and tryptophantyrosine dipeptide. 42 The absence of cross peaks corresponding to these diagonal peaks implies that the correlation between these signals is weak. This is the consequence of the fact that the 1605 and 1570 cm À1 diagonal peaks come from different snapshots.
The splitting of vibrational frequencies can be attributed to structural fluctuations of the folding state S1. The 1605 cm À1 peak comes from the W3/WPS modes of snapshots with the Trp6 aromatic group pointing to the N-terminus of the protein (residue 1), and the distances between the sidechains of Trp6 and Ile4 are short. The 1570 cm À1 peaks come from the same modes of snapshots with the Trp6 aromatic group pointing to the C-terminus (residue 20), and there are no other residues in its neighborhood with a radius of 4.1 Å. The strong structural fluctuations of S1 is a result of its flexible random coil structure near the N-terminus, 21 where the indole group can freely rotate with respect to the C b -C a single bond in Trp6. Similar patterns also appear in the 2DSRR signals of S25 (Fig. 5, column 3 Fig. 6 is defined as the average number of C a atoms in a neighborhood of the tryptophan C a atom. A higher packing density implies stronger inter-residue interaction experienced by Trp6, which induces stronger fluctuations in vibrational frequencies. In S50, an a-helix starts to form near the N-terminus, and the two-strand structure is not complete. This implies that the microenvironment around Trp6 is not rigid. The high packing density indicates strong perturbation to the tryptophan vibration modes, resulting in a broad distribution of diagonal peaks in the 2DSRR spectra. S75 has a much lower Trp6 packing density, which implies weaker fluctuations, and the 2DSRR spectra is much cleaner. In S100, the a-helix and two-strand structure are formed, resulting in a rigid environment around Trp6 that encapsulates it. Most of the diagonal peaks show strong correlations as cross peaks, indicating weak vibrational fluctuations in the rigid environment.
V. Conclusions
By employing a QM/MD protocol to simulate the 2DSRR spectra of the folding of the model mini-protein Trp-cage, we demonstrated that these signals are sensitive to the protein secondary structure and could provide a useful probe for evolving folding states. Frequency shifts of tryptophan modes and their correlations depend on the local chemical environments of the tryptophan residue. Frequency shifts of diagonal peaks come from structural fluctuations when cross peaks are missing; off-diagonal cross peaks reflect strong correlations between the corresponding vibrational modes. Fig. 6 Packing density of the Trp6 residue for various folding states. This is defined by as the average number of C a atoms located within a radius r c from the tryptophan C a .
